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Nanometer thick cubic HfO2 doped with 19 at. % Y2O3 YDH epitaxial films were grown on GaAs
001 using molecular beam epitaxy. Structural studies determined the epitaxial orientation
relationships between the cubic YDH films and GaAs to be 001GaAs/ / 001YDH and
100GaAs/ / 100YDH. The YDH structure is strain relaxed with a lattice constant of 0.5122 nm with
a small mosaic spread of 0.023° and a twist angle of 2.9°. The YDH/GaAs interface is atomically
abrupt without evidence of reacted interfacial layers. From C-V and I-V measurements a 7.7 nm
thick YDH film has an enhanced dielectric constant 32, an equivalent oxide thickness of
0.94 nm, an interfacial state density Dit71012 cm−2 eV−1, and a low leakage current density
of 610−5 A/cm2 at 1 V gate bias. © 2007 American Institute of Physics.
DOI: 10.1063/1.2722226
The aggressive scaling of Si complementary metal-
oxide-semiconductor technology has called for alternative
high  gate dielectrics to replace conventional gate oxide
SiO2 and adopt high carrier-mobility semiconductors such as
Ge and III-V semiconductors to replace Si. Metal-oxide-
semiconductor field-effect-transistors based on III-V com-
pound semiconductors, owing to the intrinsic characteristics
of high electron mobility and high breakdown fields, offer
distinct advantages over their Si-based counterparts for high-
speed, high-power, and/or high temperature applications.
Hafnium dioxide HfO2, with its high  value and thermal
stability in contact with Si, is the leading alternative gate
dielectric candidate. It has three known crystallographic
structures of monoclinic, cubic, and tetragonal phases.
Density functional theory calculations indicated respective
predicted  value of 20, 30, and 70.1 Unfortunately the
tetragonal and cubic phases can be transformed thermody-
namically at approximately 1720 and 2600 °C, respectively,
whereas the monoclinic phases appeared at room
temperature.2 The HfO2–Y2O3 phase diagram suggests a
possible cubic or tetragonal phase formation at relatively
lower temperatures with Y2O3 doping to HfO2. Indeed, HfO2
films doped with Y2O3 using pulsed laser deposition PLD,3
rf cosputtering,4 and metal organic chemical vapor deposi-
tion MOCVD5 formed the cubic phase at 500–600 °C
with an enhanced dielectric constant.4,5
Recently, we have succeeded in growing HfO2 epitaxial
film on GaAs 001 by molecular beam epitaxy MBE.6 The
epitaxial HfO2 films have the monoclinic crystal structure
with their a and b axes aligned with the in-plane 100 axes
of GaAs and formed four equivalent in-plane domains rotat-
ing 90° about the surface normal. Electrical properties of the
films may be adversely affected by the domain boundaries,
which are known to be easy pathways causing leakage.7
In this work, nanometer thick HfO2 doped with Y2O3
denoted as YDH films were grown on GaAs 001 by
MBE. X-ray diffraction XRD studies found that the film
crystal structure is altered from the common monoclinic
phase of dielectric constant 17 to the cubic phase of a 
value exceeding 30, as determined from C-V measurements
in YDH metal-oxide-semiconductor MOS diodes. In situ
angle-resolved x-ray photoelectron spectroscopy XPS re-
vealed that Y2O3 is uniformly distributed through the YDH
films with an atomic percentage of Y of 19.2±0.5, as con-
firmed by anomalous x-ray diffraction AXD. The oxide/
semiconductor interfaces are atomically sharp as observed
from high-resolution transmission electron microscopy HR-
TEM. The attainment of the cubic YDH has effectively
eliminated the number of azimuthal domains, thus signifi-
cantly improving electrical leakage. The fact that the YDH
films are grown in single crystalline at typical dopant activa-
tion temperature has alleviated the problem of polycrystal-
line formation of most amorphous dielectrics during postan-
nealing and the consequent increase of electrical leakage.
All oxides were prepared in a multifunctional integrated
ultrahigh vacuum system.6,8 The YDH films were coevapo-
rated using electron beam evaporation from two separate tar-
gets of HfO2 and Y2O3 ceramic pellets at substrate tempera-
ture of 550 °C. The majority of the deposited species
arriving at the substrate were HfO2 and Y2O3 molecules or
clusters, thus avoiding direct exposure of GaAs surface to
oxygen and preventing formation of AsOx and GaOy. The
surface morphology of epitaxial YDH films as monitored by
in situ reflection high energy electron diffraction indicates a
smooth two-dimensional film growth exhibiting fourfold
symmetry in the plane. Typical YDH layer thickness varies
between 4 and 12 nm. Crystallographic structures of the ep-
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itaxial YDH films on GaAs were analyzed by high-resolution
XRD at beamline BL17B of the National Synchrotron Ra-
diation Research Center NSRRC. HR-TEM was performed
using a Philips TECNAI-20 field-emission-gun-type TEM.
The I-V and C-V characteristics of the MOS diodes of 7.85
10−5cm2 in area with Au electrodes were measured using
Agilent 4156C and 4284. XPS was taken in situ by using a
Specs-Phoibos-150 hemispherical electron analyzer and a
dual anode x-ray source Mg K and Al K. In angular-
resolved XPS, the photoelectrons are detected by an electron
analyzer at various electron take-off angles, the angle be-
tween the electron analyzer and sample surface normal. The
measurement at a higher take-off angle is more sensitive to
the sample surface.
X-ray scattering radial scans for an YDH epitaxial film
along GaAs 002, 040, and 111 directions, are shown in
Figs. 1a–1c, respectively. The abscissa is in units of GaAs
reciprocal lattice unit rluGaAs, 2 /aGaAs=1.11 Å−1 where
aGaAs denotes the lattice constant of GaAs. The intense sharp
peaks centered at 2, 4, and 1 are GaAs 002, 040, and
111 Bragg peaks; the broad peaks centered at 2.2, 4.4, and
1.1 are reflections from YDH. The fact that for each GaAs
reflection there is always an YDH reflection located at 1.104
times the position of the GaAs peak in radial scans manifests
that YDH has the same symmetry as GaAs, i.e., cubic. By
comparing the obtained interplanar spacing with the data-
base, the broad peaks in Figs. 1a–1c were indexed as
002, 400, and 111 reflections of cubic YDH, respec-
tively. A large lattice mismatch of approximately −9.4% ex-
ists between the YDH layer and GaAs substrate. Further-
more, the azimuthal scans, i.e.,  scans, across YDH in-
plane 400, shown in the inset of Fig. 1b and off-specular
111 reflections exhibit fourfold symmetry and the peak po-
sitions coincide with the GaAs reflections of the same Miller
indices. These observations verify the cubic structure of the
grown YDH and its epitaxial relationship with GaAs sub-
strate follows 100YDH 100GaAs. The lattice constant of
YDH is 0.5122 nm as determined by fitting the scattering
angles of more than ten reflections. No sign of tetragonal
deformation was observed, indicating that the YDH lattice is
well relaxed for films of thickness of 4 nm or even less.
The additional oscillations beside the two Bragg reflec-
tions in the radial scan along the surface normal, Fig. 1a,
are the thickness fringes, originating from the interference
between the x rays reflected by the top and the bottom inter-
face of the YDH layer. From the oscillation period q
=0.08 nm−1, the film thickness of 7.7 nm was derived for the
sample shown. The coherence length along the growth direc-
tion, estimated from the width of the YDH 002 reflection
using the Scherrer equation, is 7.4 nm. The comparable val-
ues of the film thickness and coherence length indicate that
the structural coherence extends throughout the whole film
thickness. The small mosaic spread of 0.023° and twist angle
of 2.9°, determined from the width of the YDH 002 rocking
curve and 400 azimuthal scan, respectively, demonstrate its
high crystalline quality.
The interfacial structure of the YDH layer was examined
by both HR-TEM and x-ray reflectivity XRR. The HR-
TEM cross sectional image shown in Fig. 2 indicates that the
interface between YDH and GaAs is atomically sharp. Un-
like the YDH films grown using PLD Ref. 3 and MOCVD
Ref. 5 on Si, no interfacial layer exists, similar to our ear-
lier MBE grown pure HfO2 on GaAs.6 This observation
agrees with the XRR results, i.e., a one-layer model is suffi-
cient to fit the experimental data. The root-mean-square
rms roughness of the oxide/GaAs interface obtained by re-
flectivity is 0.3 nm. The YDH surface is rougher than the
buried interface and its roughness increases with layer thick-
ness. For the 11 nm thick YDH layer, the measured rms
roughness of the free surface is about 1.0 nm. Unlike 001
monoclinic HfO2 epitaxial films on GaAs, no features asso-
ciated with azimuthal domain boundaries were observed in
FIG. 1. Intensity profile of radial scans along GaAs a surface normal
001, b in-plane 010, and c off-plane 111 directions. The intense
sharp peaks are the Bragg peaks of GaAs substrate and the broad peaks are
the reflections of YDH epitaxial layer. The inset in b is the intensity dis-
tribution of the azimuthal scan of YDH 400 surface reflections. The peak
positions coincide with those of GaAs 400 reflections.
FIG. 2. Cross sectional HR-TEM image of an 11 nm thick YDH/GaAs001
heterostructure in 110 projection. The image clearly shows the atomically
sharp interface and that it is free of interfacial layer.
152908-2 Yang et al. Appl. Phys. Lett. 90, 152908 2007
Downloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
Fig. 2. The continuity of the film structure is helpful to mini-
mize the pathways of leakage current.
The content and distribution of Y in YDH films were
determined using angular-resolved XPS at O 1s, Y 3d, and
Hf 4f core levels with the spectra shown in Figs. 3a–3c.
The relative sensitivity factors of O 1s, Y 3d, and Hf 4f were
2.93, 5.98, and 7.52, respectively, using Al K. Spectra were
quantified using CASAXPS version 2.3.12, Casa Software
Ltd.. Hf and Y are homogeneously distributed in the YDH
films, as evidenced by the constant ratios between the area of
O 1s, Y 3d, and Hf 4f peaks at various electron take-off
angles of 0°, 45°, and 75°. The curves in Fig. 3a can be
deconvoluted into two different kinds of oxygen bonding of
Hf–O 531.5 eV and Y-O 532.55 eV. Compositions of the
hafnium oxide and yttrium oxide are close to stoichiometric
HfO2 and Y2O3. The atomic percentage of Hf:Y was esti-
mated to be 80.8±0.5:19.2±0.5, equivalent to the mole frac-
tion of HfO20.895Y2O30.105.
We have also determined the absolute Y content incor-
porated in the YDH films using AXD.9 AXD spectra were
measured across the Y k-edge at the YDH 222 and 220
reflections. Comparing the relative intensity attenuation at
the absorption edge with the calculated one assuming a ran-
dom substitution of Hf by Y, we determined the Y content to
be about 19±2 at. %, in good agreement with the XPS analy-
sis, thus confirming that Y substitutes Hf in the crystalline
lattice and forms a solid solution.
The C-V characteristics of a MOS capacitor with a
7.7 nm thick YDH film measured at frequencies varying
from 10 to 100 kHz are illustrated in Fig. 4. The C-V curves
show the standard depletion to accumulation transition with
little frequency dispersion. A dielectric constant  of 32 was
obtained from the C-V curve, significantly higher than that of
the monoclinic pure HfO2 and close to the theoretically pre-
dicted value of 29 for cubic HfO2.1 Typical Dit value is de-
duced to be 7–81012 cm−2 eV−1 using the Terman
method, and the equivalent oxide thickness is 0.94 nm. A
flatband shift in the C-V measurement was observed at fre-
quencies over 100 kHz. This is probably caused by the pres-
ence of interfacial states induced by the large lattice mis-
match between YDH and GaAs. The complex bonding of
mixed oxides may also be attributed to the shift.10
The electrical leakage versus biasing field J-E curve of
the same sample is shown by the filled circles in the inset of
Fig. 4. The leakage current density measured at gate bias
voltage of 1 V is 610−5 A/cm2, about two orders of mag-
nitude lower than the value of an epitaxial monoclinic HfO2
layer with similar thickness solid line.11 The attainment of
cubic on cubic epitaxy via modest doping of Y2O3 has re-
duced the number of azimuthal domains in YDH, thus nota-
bly lowering the electrical leakage current.
In conclusion we have demonstrated the attainment of
the high temperature high dielectric constant phase of HfO2
as stabilized through Y doping and thin film epitaxy on
GaAs. Accompanying the structural transformation from
HfO2 monoclinic phase to YDH cubic phase, a significant
increase of dielectric constant  from 17 to as high as 32 is
obtained. In addition the reduction of the number of azi-
muthal domains in cubic YDH has notably improved the
electrical leakage. The fact that the YDH films are grown in
single crystalline offers an important advantage of maintain-
ing low leakage during high temperature anneals for dopant
activation compared to the amorphous counterparts.
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FIG. 3. In situ angular-resolved XPS of a 10 nm thick YDH film on GaAs.
The a O 1s, b Y 3d, and c Hf 4f core level spectra were measured at the
electron take-off angles of 0°, 45°, and 75°.
FIG. 4. C-V curves of a MOS capacitor of a 7.7 nm thick YDH layer
measured at frequencies between 10 and 100 kHz. The inset shows a J-E
curve of the same sample filled circles and of a monoclinic HfO2 layer of
similar thickness solid line.
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